Abstract. Moored observations of currents and temperatures made in the upper 600 rn on eddy-resolving scales over a 2-year period are used to examine the spatial and temporal characteristics of the California Current mesoscale circulation.
Most of what is known about the circulation offshore of the continental margin has been inferred from geostrophic calculations [Wyllie, 1966; Hickey, 1979; Lynn and Simpson, 1987] and, more recently, from surface drifter observations (Plate 1). Stabeno and Smith [1987] present a synthesis of 14 current meter records at eight deep-sea locations off of Point Arena. Most of the records are 1 year in length (one is 5 years), and the horizontal separation between moorings is large (> 50 km). The EBC time series (15 moorings, 2 years; one is 4 years) roughly triple the moored observations of ocean currents over deep water. These long records are particularly useful at the offshore site (128øW), where the integral timescales [Davis, 1976] are long, 0(20 days). Additionally, the horizontal separation within the EBC moored arrays (15 km) was roughly half the local internal Rossby deformation radius, allowing mesoscale features to be resolved.
In the following sections, we present a basic description of the low-frequency mesoscale variability observed over the entire 2-year time period, 1992-1994. A detailed analysis and model of a nonlinear eddy observed at the offshore array at the time of the WOCE survey is the topic of a separate study [Cornuelle et al., this issue]. The observations are presented in section 2, followed by a statistical description in section 3. We then examine the spatial modes of variability through empirical orthogonal function (EOF) analysis in section 4. Individual eddy events and kinematic and dynamical balances are presented in section 5. A summary and conclusions are presented in section 6.
Data

California Current Moored Array
The California Current moored array (CCMA) consisted of three eddy-resolving, spatially coherent subarrays called local dynamics arrays (LDAs). Each LDA was composed of five moorings: four moorings forming a square around a central mooring, with a horizontal separation of 15 km. The LDA located at 128øW was designated as the offshore LDA (moorings labeled OW, OS, ON, OC, OE). The central mooring at the offshore site (OC) was located under a Topex crossover point [Strub et al., 1997] and was adjacent to a densely instrumented surface buoy [Chereskin, 1995] ; it was maintained for 4 years as part of an acoustic source array [Garfield et al., 1999] . The remaining two LDAs, collectively referred to as the nearshore arrays, spanned the continental slope and the deep water adjacent to the slope near Measurements were obtained for a 2-year period beginning in boreal summer 1992 at four target depths: 100 m, 150 m, 300 m, and 600 m. The year runs from June for the slope LDA and from August for the inshore and offshore LDAs. Mooring locations, water depths, actual instrument depths, record lengths, and current meter types are given in Table 1 .
Data Processing
Four different types of current meters were used (Table  1) , and all types perform well on subsurface moorings provided that the instruments and flotation are well beneath the surface gravity wave zone, as was the case for these deployments. The VACM, acoustic Doppler current profiler (ADCP), and RCM8 are all vector-averaging current meters. The RCM5 averages current magnitude and instantaneously samples direction at the end of the averaging interval. Comparisons of statistics between instruments at common depths (Table 2) indicates that the differences between instrument types were negligible, at least for the low-passfiltered, low-frequency variability. For direct comparison, we placed an RCM5/VACM pair at 597/598 m on the central offshore mooring (Table 2 , OC05 and OC04, respectively). The statistics are nearly identical, and the vector correlation had a magnitude of 0.98 and a phase of 6 ø. The phase difference indicates a bias between this particular pair, with the RCM5 rotated clockwise from the VACM, although the phase difference is within the specification for the compass. Further details of the deployments, current meters, and sampling are given in Appendix A.
The mooring time series were quality-controlled by examining plots of the daily means and variances. A few of the records were truncated early because the daily variances became suspiciously low relative to observations at similar depths on neighboring moorings. (Table 1 record The goal of this study is to describe variability below about 0.1 cpd. The time series were low-pass filtered with a fourth-order Chebyshev filter with a cutoff of 40 hours, The analyses presented in subsequent sections use interpolated, low-pass-filtered data. Generally, interpolated depths are close to the observed depths when the data records are complete. We filled data gaps at 150 m using linear interpolation from the records at 100 and 300 m, because a linear estimate gave a good approximation to the expected signal variance. We did not fill the gaps at 300 m, because there was a significant error (about 50%) in the signal variance based on a linear estimate; we did not try a higher-order interpolation. No extrapolations were used. [Priesendorfer, 1988] is north-south at most locations, in particular at the slope LDA, where the alignment closely parallels that of the bathymetry (330øT). At the central mooring of the offshore array (OC), principal variance orientation is meridional during the first 2 years (Table 2) Prior to the first event, there is a slow turning of the current to the north at all depths, with records from both moor- Record length means. variances. and covariances of low-pass-filtered east velocity f.. north velocity v. and temperature T. the major axis orientation of the velocity principal variance 0 [Priesendorfer, 19881, (Figure 1 b) . We assumed a larger error variance (30% of expected signal variance) for the combined arrays to account for more model error in fitting a plane over two arrays. Relative vorticity of both signs is apparent in the 2-year time series, but the largest-amplitude and longestduration events appear to be anticyclones (Figure lb) . These events will be examined in greater detail in section 5, where we show that the patterns during these events are consistent with the presence of an eddy spanning the two nearshore LDAs. Variability during these events displays similar eddylike characteristics to those discussed at the offshore array.
The eddy velocity signal extends to the deepest sampled levels, and daily averaged temperatures indicate a warming of the deeper water column (see records at 271 m and 571 m, Plates 3c and 3d).
Spectra
We use velocity spectra to examine the distribution of velocity variance as a function of frequency and to illustrate the shift to lower frequency of the dominant energy band with distance offshore.
Because we wanted to retain the lowest frequency resolved by the record, the spectra were computed from the full time series, with no piecewise averaging. Spectral estimates were then averaged in variable length fi'equency bands for clarity and to increase statistical confidence at higher frequencies; little or no averaging over 1ow-fi'equency bands was performed. The spectra are useful in displaying the frequency distribution of energy for this 2-year time period, regardless of how representative they may be of a longer time period. We use the 4-year series at OC and the 2-year series at the mid-California Current location to address the issue of representativeness. The orientation of the principal variance was generally meridional (Table 2) during the 2-year period, although it varied substantially between moorings. For this reason we chose to compute spectra for the northward (v) and eastward (u) components rather than rotate into a principal variance fi'ame (Plate 4). The spectra fi'om each LDA were averaged (there were four sufficiently long records at the slope and offshore LDA but only three at the inshore LDA). The shelf mooring (ME) was not included in the spatial average for the slope array, as the spectra were quite distinct from the other deep water moorings in the array. The level closest to 150 m is chosen for display purposes; other levels show similar distributions.
Energy levels were higher for north-south velocities, which follows from the principal variance orientation and from prior comments that flow is closely aligned to topography (running approximately in the north-south direction). There is a pronounced energy peak at the 60-day band for the two inshore arrays (Plate 4). By contrast, the highest peak at the offshore site is at a much lower frequency range centered at period T ,--180 days. Although there is no sharp peak at 60 days at the offshore site, spectra at all three arrays show a general increase in energy in a band between 40 and 70 days as well as 90 and 120 days. Energy levels in the 40-to 70-day band are reduced at the offshore array compared to the inshore spectra. The situation is reversed at low frequencies (T > 140 days). Clearly, this is the dominant band for the offshore array which is not well resolved with the 2-year time series. All arrays show a reduction of northward kinetic energy at high frequencies (periods less than ,--40 days) as well as midrange frequency minima at periods of ,--$0 and • 140 days.
We use the 4-year record at the central offshore mooring to examine the representativeness of the 2-year records. Because the principal variance was more isotropic during the second deployment, we show the distribution of kinetic energy rather than the individual components (Figure 2) . As before, spectral estimates from the 4-year series were computed with little or no averaging at the lowest frequencies; a band-averaged estimate with increased statistical confidence is overlaid for comparison. The estimates from the separate first and second 2-year deployments averaged over the same frequency bands are also shown. Confidence limits at 95ø-/0 significance based on the 1992-1996 spectral estimates (our best guess at the true spectra) are overlaid on the 2-year spectral estimates.
As expected, the band-averaged estimate for the 4-year series usually falls somewhere in between estimates from the first and second deployments. There is more total variance in the first 2-year record than in the second, and these increased energy levels are evident in the OC time series (Plate 3) as well as the spectra. Kinetic energy is enhanced between 180 days to a year and the 40-to 120-day band. Notice that the frequency band averaging blurs out a very distinct peak at 100 days. This was not apparent in the 2-year estimates of Plate 4, as frequency resolution was coarser so that the peak was averaged with the adjacent lower kinetic energy band.
A longer time series is required to determine whether the 100-day peak is robust.
The mooring at the mid-California Current site (IOC) had a more nearly zonal orientation of principal variance (Table   Years to conclude that other effects such as small-scale local wind forcing were also important sources for the observed variability. The nature and the source of the energetic variations in the records when the eddies were not present remains a topic of further investigation. To summarize, a shift to lower frequencies is evident between the nearshore arrays and the offshore array spectra. The dominant band of variability corresponded to a period of about {30 days for the nearshore arrays, shifting to about 180 days at the offshore array. We hypothesize that many eddies are generated in the highly variable coastal transition zone, so that the dominant band at the nearshore sites has a relatively short period centered around 60 days. Once generated, some eddies propagate westward past our offshore array, while others may dissipate or miss the array. Eddies do not appear to fill the CCS in a dense, compact form from the coast to 128øW; there appear to be large spaces between them as one moves offshore. At least one eddy reaching the offshore site is likely to have originated near the continental margin [Cornuelle et al., this issue] on the basis of its water properties. Similarly, the SeaSoar surveys identified an offshore eddy that could be traced by properties to an origin near the coast [Huyer et al., 1998 ]. The eddy kinetic energy calculated from surface drifter climatology drops markedly as one moves offshore (Plate 1), suggesting that the eddy energy is removed from the surface layer, either by dissipation or some vertical transfer mechanism. Kelly et al.
[ 1998] used moored current observations at the offshore array together with drifters deployed during EBC and Topex altimetry to examine the temporal and geographic distribution of eddy kinetic energy. They found that the monthly maximum in eddy kinetic energy migrated westward to about 128øW on a seasonal timescale, with maximum values in summer-fall.
We find that the eddy kinetic energies computed from longer time series including the nearshore arrays support their results, although our spatial coverage is limited to three longitudes (124øW, 126øW, and 128øW). Interestingly, the geographic cutoff that they observed at 128øW from altimetric estimates [see also Strub and James, 1999] corresponds to the 500-to 700-km-wide band of enhanced variability apparent in the drifter climatology (Plate 1). A similar drop in variance is also seen in upper ocean temperature, calculated from expendable bathythermograph (XBT) climatology (W. White, personal communication, 1998). However, the altimeter has the best spatial coverage of the three largescale data sets (XBT, drifters, and Topex). The mechanism by which the eddy energy is removed from the surface layer, apparently on seasonal timescales, is an interesting question, although beyond the scope of this study. 
Patterns of Variability
EOFs at the Offshore Array
The first EOF at the offshore array (Plates 5a and 5b) shows that the main mode of variability for this 2-year period is a pulsation of flow aligned with the mean California Current (north-south). Approximately half the data variance is explained by the first mode. Given that variability is usually coherent across each array, a unidirectional first mode implies that the spatial pattern of the second EOF would be cross-shore flow or eddy flow, as it must be orthogonal to the first EOF. Even at this distance offshore, the second mode has largest fluctuations aligned perpendicular to the shore (Plate 5c). The third mode is an array-scale eddy (Plate 5d). The first three modes show little change in direction through the upper 600 m of the water column, and flow speed decreases with depth. Interestingly and probably fortuitously, the pattern of spatial variability as described by the EOFs at the offshore site is very similar to that seen at the inshore site, despite the fact that the coastline and significant topography (which obviously play a role in steering the flow at the inshore site) are hundreds of kilometers away.
The 
EOFs at the Nearshore Arrays
The spatial structure of the first 3 EOFs of the inshore array (Plates 5e-5h) is very similar to that of the offshore array and the slope array (not shown). The most pronounced difference between the nearshore and offshore arrays is found in the temporal EOF variability. At the nearshore arrays, the first mode amplitude is dominated by the low-frequency pulsation of the poleward flowing undercurrent (Plates 5e and 5i). The alignment at the slope array closely parallels the bathymetry, oriented at 330øT (Plate 5j). The orientation of the pulsations is north-south at the inshore array (Plate 5f) and less aligned with the bathymetry than at the slope array (Plate 5j). The second inshore mode shows sustained strong onshore flow during summer 1993 and otherwise high-frequency variability (Plates 5e and 5g) . The eddy-like mode 3 shows strong anticyclonic rotation during two intervals, which are indicated by vertical lines (Plate 5e and Plate 3). During these two intervals, the poleward undercurrent strengthens (see EOF 1). In the next section, we focus on those specific parts of the record corresponding to large-amplitude mesoscale events. At the offshore array, the intervals were picked to coincide with the strong signals in the first and third EOF amplitudes. As we have discussed, these time intervals are associated with rapid transitions of the alongshore flow as well as small velocity divergence and negative relative vorticity. We present evidence to support the hypothesis that these signals are due to eddies that propagate across the offshore array. Inshore variability during two periods that display similar variability characteristics to the offshore events will also be discussed.
It is of interest to examine the connection between vari
Close-up Look at Mesoscale Events
Offshore Events
The evolution of velocity and temperature at the offshore array is used to examine the passage of eddies during two time periods of interest (Plate 6). Daily averaged temperature and velocity at each standard depth were objectively mapped over a rectangular area bounded by the outermost moorings of the offshore array using a Gaussian e-folding scale of 15 km. Noise was chosen to be very small at the moorings so that the estimate closely matches the data there. Mapped velocity vectors at 107 m are overlaid on a vertical average of temperature over the three deepest moorings (150 -598 m). Vertically averaged temperature is meant to approximate dynamic height at 150 m, although we will show that salinity variations are important in determining density during the eddy events.
Several points are illustrated. First, flow direction is consistent with geostrophy, as inferred from temperature. During the May and November time periods, pulses of negative vorticity with peak amplitudes of 0.3f were observed; horizontal divergence was not significantly different from zero (+0.05f) and is more sensitive to the gradient calculation, since it is a small residual of terms of opposing signs (Figure 1 a) . During these same time periods, both sets of panels clearly show westward propagating warm-core eddies (Plate 6). The first eddy (May) propagates in from the northeast and continues moving over the array in a southwestward direction, leaving southward flow in its wake. The second eddy (November) appears to propagate zonally through the array. While the eddies are directly over the array, the temperature at 107 m is cooler than usual (Plate 3), although the vertical integral of temperature is warmer (Plate 6) because of anomalously warmer water at 300 and 600 m (Plate 3).
The data are consistent with a warm-core eddy centered below 200 m producing an upward doming of the temperature field above the velocity maximum and downward doming below the center (hence the warmer value for the vertically integrated temperature).
Fortuitously, the May eddy was observed by a hydrographic survey [Musgrave and Royer, 1994] and 0.2 practical salinity unit (psu) saltier than surrounding waters. We do not think that the June and May eddies are the same, since the propagation in both cases is westward, and our observation site in May is further west (about 128øW). Also, the anomalies of the May eddy were stronger, although both sets of anomalies were consistent with CUC origins [Huyer et al., 1998 ]. Subsurface floats deployed during EBC tracked numerous anticyclonic eddies originating in the CUC region during the same time period [Garfield et al., 1999] . The hydrographic observations [Huyer et al., 1998 ] that documented some of these anticyclones suggest that at least some of them trap CUC water and transport it offshore. To summarize, all evidence suggests that we have briefly sampled the center of two warm-core eddies as they propagated across the offshore array in May and November 1993. Huyer et al., 1998 ]. This is strong support for a generation at the coast and propagation for several months over hundreds of kilometers with little dissipation.
Nearshore Events
Variability at the two nearshore arrays is more confused with several different patterns emerging over the 2-year period. EOF analysis calculated the dominant modes of variability which can be visually identified from the time series. Rather than describe all of the numerous patterns, we focus on the two intervals which are dramatically distinct with coherent variability across the combined inshore/slope array. During the two events, the evolution of velocity and temperature shares common features with the offshore eddy events. Plate 7 and Figure 6 are counterparts to the offshore array, but in this case they display data from the combined inshore/slope array. In Plate 7, temperature has been plotted only if the mapping error was < 20%.
It is clear from the mapped temperature and velocity fields that these events are not straightforward westward propagat- shore events is that eddy events at the inshore arrays do not propagate relatively quickly across the array but linger for periods of weeks over the combined array.
Conclusions
Moored observations of currents and temperatures made in the upper 600 m on eddy-resolving scales over a 2-year period provide an improved description, both qualitatively and quantitatively, of the California Current mesoscale circulation. As in prior studies [e.g., Kosro et al., 1991 ], we observed that many eddies were generated over the outer continental slope. Furthermore, the good horizontal resolution of the current meter arrays allowed us to estimate the relative vorticity and the horizontal divergence from linear gradient estimates and therefore to evaluate the relative strength and occurrence of anticyclones and cyclones. These synoptic, two-dimensional, quantitative estimates from arrays tha resolve the local Rossby deformation radius are new, and they reveal a mesoscale eddy field that is strongly nonlinear, with Rossby numbers ranging from 0.1 to 0.5. In fact, the large Rossby numbers imply that the curvature terms in the vorticity balance are nonnegligible, although our arrays are not adequate to resolve these higher-order terms. Both anticyclones and cyclones were observed at the nearshore arrays, although the anticyclones were somewhat stronger and of longer duration. The dominant 60-day period of the nearshore mesoscale circulation was well-resolved by the 2-year time series.
Prior to our measurements, there were no long-term time series in the outer CCS on eddy-resolving scales. The individual statistics of our offshore moorings confirmed the findings of earlier, widely separated moorings that showed that variability in the CCS far exceeded the mean flow [Stabeno and Smith, 1987] . Unlike the coastal zone, the outer CCS that we observed was not densely packed with eddies. The offshore mesoscale circulation had a peak at 120-180 days, not well-resolved by a 2-year time series. The offshore time series were dominated by a few event-like features (strong eddies) and a low-frequency variability that was not wellcorrelated with the large-scale wind stress curl, leading us to infer the importance of small-scale local wind forcing for the low-frequency background variability. Because of the eventlike nature of the flow, particularly at the offshore site, we chose to look at patterns coherent across the arrays, through EOF analysis. Surprisingly, despite the distance from the coast and significant topography, the spatial modes of variability at the offshore array were nearly identical to those at the nearshore arrays, consisting of an alongshore mode, a cross-shore mode, and an eddy (rotational) mode. These three modes accounted for about 85% of the variance at all locations.
All of the eddies observed at the offshore array were deep, warm anticyclones, and they were highly nonlinear. Shipboard hydrography during the May eddy showed that it had trapped anomalous water from the California Undercurrent, suggesting a formation near the continental slope sometime during the previous winter. Lynn, 1990] and Point Arena [Kosro et al., 1991] . The EBC observations from moorings, surveys [Huyer et al., 1998 ], and floats [Garfield et al., 1999] documented numerous instances of these CUC eddies at points further offshore than previously observed, which suggests they are not rare anomalies in the CCS, but are ubiquitous. Their subsurface maxima in both currents and hydrography suggest that they may be underrepresented in remote-sensing and surface drifter measure- 
A3. Slope LDA
The five moorings at the slope array (array code M) were deployed by the Naval Postgraduate School (NPS) current meter group. There were two consecutive year-long deployments. Aanderaa RCM8s, with averaging and recording intervals of 1 hour, were used at all depths for the first deployment. In the second deployment, the shallowest RCM8s were replaced with upward looking 300 kHz acoustic Doppler current profilers (ADCPs) at a nominal depth of 150 m. The bin size for the ADCP measurements was 4 m with a nominal total number of 45 bins. Pressure-depth recorders at nearly all instruments provided pressure and temperature time series. ADCP velocity data from the bin corresponding to the shallowest common depth (132 m) was extracted for the purposes of this analysis. The shallowest ACM at MC was placed above 132 m so the ACM-derived velocities and temperatures were used in place of the ADCP data. The ME ADCP leaked, so there is no shallow record after May 1993.
